Self-consistent solutions to the intersubband rate equations in quantum cascade lasers: Analysis of a GaAs/Al x Ga 1x As device J. Appl. Phys. 89, 3084 (2001) Based on the dielectric continuum model, we have studied the electron-optical phonon scattering rates in GaAs/Al x Ga 1Ϫx As quantum wells with different structure parameters. It was found that the scattering rate of the symmetric interface phonon mode has a stronger dependence on the Al composition in the barriers than that of the confined mode. The effective phonon energy emitted by hot electrons in GaAs/Al x Ga 1Ϫx As quantum wells with various Al compositions was estimated and the calculated value agrees with the experimental results qualitatively. For the dependence on the well width, scattering rates of the Sϩ mode drop considerably as the well width is increased. The dependence of the electron-optical phonon interaction on structure parameters can be clearly explained by the H and G factors defined in the article.
I. INTRODUCTION
Electron-polar optical phonon interaction in III-V semiconductor quantum wells plays an important role for hot carrier relaxations, which influence the high-speed responses of many quantum devices. In the past, electron-phonon scattering rates in a quantum well were typically calculated using the bulk phonon model or the bulklike phonon model. [1] [2] [3] In the bulklike phonon model, the optical phonon modes are assumed to be the same as those in the bulk material while the electron wave functions incorporate quantum confinement. More recently, the dielectric continuum model 4 -7 ͑DCM͒ and Huang-Zhu model 8 ͑HZM͒ were developed for dielectric slab problems and were more accurate than the bulk and the bulklike phonon models. The fundamental types of phonon modes 4, 7, 8 and the electron-phonon Hamiltonian 5, 6, 8 in heterostructures have become an interesting subject. Experimentally, Sood et al. 9, 10 discovered the evidence of the confined longitudinal optical ͑LO͒, transverse optical ͑TO͒ phonons, and interface phonons in GaAs/ AlAs superlattices using Raman scattering. An order of magnitude reduction in the intersubband scattering rates in GaAs/Al x Ga 1Ϫx As quantum wells was reported by Schlapp et al. using an infrared bleaching technique. 11 The reduced scattering rates were explained successfully by Jain and Das Sarma using the DCM 12 model. In the last decade, techniques involving ultrafast spectroscopy became very powerful tools in studying carrier dynamics in semiconductors. Leo et al. 13, 14 and Lobentanzer et al. 15 used time-resolved photoluminescence to study the hot carrier relaxation in a quasitwo-dimensional system. Their experimental results were analyzed with the average electron's energy-loss rate 16 ͑AELR͒ and indicated that the width of a quantum well had little effect on the hot carrier relaxation. However, the AELR in their analysis was calculated using the bulk phonon model.
More recently, a better method using the hot-electron neutral-acceptor luminescence 17 was developed to study the carrier relaxation mechanisms. It gives a better spectral resolution at lower carrier excitation densities than those of the ultrafast spectroscopy technique. This method has been used by Mirlin et al., 18 Sapega et al., 19 and Sun et al. 20 to determine the effective phonon energy in GaAs/Al x Ga 1Ϫx As quantum wells with various structure parameters. The effective phonon energy can be estimated in our calculations and be compared with experimental measurements.
The purpose of this article is to calculate the electronphonon scattering rates in GaAs/Al x Ga 1Ϫx As quantum wells with various structure parameters based on the DCM model. Specifically, we focus on the dependence of the electronoptical phonon interaction on the Al composition in the barrier, which is the subject that is still lacking in earlier reports. The calculated results are compared with earlier experimental results. 20 In the following content, we first describe the calculation methods and the assumptions made in this study. We then calculate the electron-phonon scattering rates with and without dynamical screening for all types of polar optical phonons based on the DCM model. 6 in a dielectric slab. However, due to selection rules for the intrasubband scattering, only the confined LO mode, the half-space LO mode, and the symmetric interface modes were taken into consideration in our calculations. The confined phonons propagate in the well, and the component of the phonon wave vector along the layer growth direction ͑z direction͒ q z is quantized. The half-space phonons, whose z component of the phonon wave vector is not restricted, propagate in the barrier. The symmetric interface phonons propagate along the interface, and the in-plane atomic displacement is symmetric with respect to the center of the well. The symmetric interface mode can be further divided into the symmetric plus branch ͑noted as Sϩ in the text͒, and the symmetric minus branch ͑SϪ). These two phonon branches also have different dispersion characteristics.
The energy of the Sϩ and the SϪ interface phonon modes is given by the solution of
where the subscripts 1 and 2 denote GaAs and Al x Ga 1Ϫx As, respectively, L is the well width, and q ʈ is the in-plane phonon wave vector. The lattice dielectric function is given by
where ϱn is the high-frequency relative permittivity of the nth layer. The optical phonon energy in the Al x Ga 1Ϫx As layer has two modes: the GaAslike mode and the AlAslike mode. ͗ L1(T1) ͘ represents the LO ͑TO͒ energy in the GaAs layer. ͗ L2(T2) ͘ represents the LO ͑TO͒ energy in the Al x Ga 1Ϫx As layer, and is taken as the average of those of the AlAslike mode L2(T2) AlAs (x) and the GaAslike mode
In our calculations, all parameters of the Al x Ga 1Ϫx As alloy were taken from the work of Adachi.
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In Fig. 1 , we show the dependence of the phonon energy of the Sϩ mode and the SϪ mode on the Al composition in the barrier at the minimum q ʈ min and the maximum q ʈ max in-plane phonon wave vectors with a well width of 5 nm. For the Sϩ mode, the phonon energy increases quickly with the Al composition for both q ʈ min and q ʈ max . It approaches the LO phonon energy in the barrier layer when q ʈ approaches zero. The increase of the calculated Sϩ mode energy with Al composition at q ʈ min agrees with the increased LO phonon energy in Al x Ga 1Ϫx As layer as Al composition is increased. For the SϪ mode, the phonon energy has a weak dependence on the Al composition. It approaches the TO phonon energy of the well when q ʈ approaches zero. The weak dependence on the Al composition is easily understood because there is no Al in the well.
B. Electron-optical phonon scattering rates with and without dynamical screening
Electron-optical phonon interaction Hamiltonians for all modes in a dielectric slab are taken from the work of Mori and Ando. 6 With the assumed average phonon energy in Al x Ga 1Ϫx As alloy shown in Eq. ͑3͒, intrasubband electronoptical phonon scattering rates in the lowest subband can be calculated using the Fermi's golden rule. The scattering rates are obtained by integrating over all possible states using the two-dimensional density of state function with states restricted by energy and momentum conservations. Scattering rates of the interface modes, W SϮ , the confined mode, W C , and the half-space mode, W HS , are respectively written as 
where m n * is the effective mass of the electron, 0n is the static relative permittivity of the nth layer, and k is the wave vector of the electron N( SϮ ), N( C ), and N( HS ) are phonon occupation numbers of the interface modes, the confined mode, and the half-space mode respectively. i and f are the wave functions of the electron of the initial and the final states in the quantum well. SϮ , C , and HS , given in Table I , are the potential functions of the interface, the confined, and the half-space modes respectively. The function, h n ( SϮ ), is expressed as
In order to clearly explain the dependence of scattering rates on the structure parameters for the interface modes, we introduce the H factor, defined as
.
͑8͒
It appears in the scattering rate equation ͓Eq. ͑4͔͒ for the interface modes. In addition, we call the overlap integral, ͗ f ͉͉ i ͘, for the electric potential G factors for the phonon modes. For Sϩ and SϪ modes, the G factor in the well is
In the barrier, it is
For the confined mode, the G factor of the pth mode is
For the half-space mode, it is
TABLE I. The electric potential in a quantum well structure for the Sϩ mode, and the SϪ mode, the confined mode, and the half-space mode.
where E 1 is the ground-state energy, and ⌬E C is the barrier height of the quantum well. We used the DCM instead of the HZM 8 for the treatment of the boundaries. It is because the scattering rate calculated by HZM gives an unreasonably large scattering rate even with very narrow well width due to the slow convergence of the modes of the higher order.
Dynamical screening in electron-phonon interaction is treated by random phase approximation, and the twodimensional longitudinal dielectric function of plasma 22 is given by
where V q ϭ e 2 /2 0 ϱn q is the two-dimensional Fourier transform of the Coulomb interaction, and ⌸ 0 (q,) 
III. RESULTS AND DISCUSSION
In our calculations, band-offset ratio ⌬E c :⌬E v in GaAs/Al x Ga 1Ϫx As quantum wells was chosen to be 65:35. The electrons were given an excess energy of 50 meV so that the intersubband transition can be neglected. The sheetcharge density was chosen to be 5ϫ10 10 cm Ϫ2 . In Fig. 2 , we show the calculated dependence of electron-optical phonon scattering rates on the Al composition for various types of phonon modes in a 5 nm wide GaAs/Al x Ga 1Ϫx As quantum well with a lattice temperature of 15 K. For the Sϩ mode, the scattering rate increases from 4.1 to 6.9 ps Ϫ1 as the Al composition, x, is increased from 0.2 to 1. In order to interpret the results, we show in Fig. 3 the dependence of the H factor and the G factor on q ʈ . As we can see, both the H factor and the G factor increase with the Al composition at small q ʈ . Since the Sϩ mode favors the small-angle scattering, this dependence follows the behavior of the H and the G factors at small q ʈ . For the SϪ mode, the scattering rate increases from 0.32 to 1.1 ps Ϫ1 as the Al composition is increased from 0.2 to 1. The strong dependence on the Al composition is mostly due to the H factor. In Fig. 4 , we show the dependence of the H factor on q ʈ . As q ʈ decreases toward zero, SϪ approaches the TO phonon energy in the well. This leads to the decrease of the H factor. Because of this, the small-angle scattering for the SϪ mode is not as important as that for other phonon modes. In Fig. 2 , we have also found that the screening effect for the Sϩ mode and the SϪ mode is not significant.
Comparing to the Sϩ and the SϪ modes, the scattering rate of the confined phonon mode does not show strong dependence with the Al composition in the range that we have investigated. It is because that the G factor in the expression of the scattering rate equation for the confined phonon mode is less sensitive to the Al composition. The screening effect for the confined mode is stronger than that of the Sϩ and the SϪ interface modes.
For the 5 nm well, the electron wave function does not penetrate deep into the barriers. Therefore, the contribution of the half-space mode to the scattering rate is insignificant   FIG. 2. The dependence of the electron-phonon scattering rate of the Sϩ mode, the confined mode, and the SϪ mode on the Al composition. The well width is 5 nm, the lattice temperature is 15 K, and the amount of the excess kinetic energy of the electron is 50 meV. in comparing to the other three types of phonon modes and is not considered here.
The calculated results were compared with the experimental results 20 performed by hot electron neutral-acceptor luminescence for GaAs/Al x Ga 1Ϫx As quantum wells with various Al compositions. The calculated effective phonon energy ( eff ) is given by
In Fig. 5 , we show the dependence of the effective phonon energy on the Al composition of both the experimental result 20 and our calculations. There are two calculated curves in Fig. 5 . The solid line represents the results without screening and the dash one with screening. Since the Sϩ mode plays the dominant role in the calculated scattering rate among all phonon modes, the calculated effective phonon energy basically follows the behavior of the Sϩ mode. The tendency of the calculations is in good agreement with the experiments.
The minor difference between the measured result and the calculated result on the effective phonon energy is attributed to the assumptions that we made in the calculations of the average phonon energy in Al x Ga 1Ϫx As alloy, which probably simplified the complexity of the phonon spectrum in the ternary compound.
In Fig. 6 , we show the dependence of scattering rates on the well width for various types of phonon modes with an Al composition xϭ0.3 in the barriers. Other parameters are kept the same as in previous calculations. For the Sϩ mode, the scattering rate decreases considerably from 5.3 to 1.4 ps Ϫ1 as the well width is increased from 4 to 12 nm. We attribute this to the decrease of the H factor and the G factor as the well width is increased. When the wells move toward wider wells, the electron wave functions centered at the middle of the well do not spread deep into the interfaces as in the narrower wells. The interface is the place where the strongest electron-phonon interaction took place. Thus, it leads to the decrease of the G factor. But, the tendency on the decrease of the G factor does not hold for extremely small q ʈ . As the well gets narrower, the increasing of the G factor has been canceled out by the decreasing of the H factor and results in the weak dependence for well width narrower than 4 nm. This behavior was not found in the earlier calculated results 24 where the assumption of an infinite quantum well was made.
For the SϪ mode, due to the small H factor, the scattering rate is much smaller than the rate of the Sϩ mode. In addition, the increased H factor with the well width compensates the decreased G factor each other. This results in a weak dependence of scattering rates on the well width.
The scattering rate of the confined mode increases from 0.27 to 2.2 ps Ϫ1 while the rate of the half-space mode decreases sharply from 0.13 to 0.12 ns Ϫ1 as the well width is increased from 2 to 12 nm. The increase of the scattering rate of the confined mode is due to the increased G factor as the well width is increased. On the contrary, the G factor decreases for the half-space mode.
There is a crossover point of the scattering rate for the confined mode and the Sϩ mode at a well width of 10 nm and an Al composition of 0.3. So the confined mode is the major relaxation channel for hot electrons in wide quantum wells and the Sϩ mode is responsible for the narrow wells. Although the total scattering rate only varies slightly with the well width, there still can be a strong dependence 25 of the AELR on the well width when the phonon energy of the corresponding modes is considered.
IV. CONCLUSION
In conclusion, the dependence of electron-optical phonon interaction in GaAs/Al x Ga 1Ϫx As quantum wells on the Al composition and the well width is studied numerically based on the DCM model. The scattering rate of the symmetric interface mode shows a stronger dependence on the Al composition than that of the confined mode. The SϪ mode has the strongest dependence on the Al composition due to the H factor. The effective phonon energy was estimated and 6 . The dependence of the electron-optical phonon scattering rate of the Sϩ mode, the confined mode, the SϪ mode, the half-space mode, and the total rate contributed by all types of phonon modes on the well width. The Al composition is 0.3, the lattice temperature is 15 K, and the amount of the excess kinetic energy of the electron is 50 meV. compared with the earlier experimental results. The dependence on the Al composition is in reasonable agreement with the experimental results. The difference between the calculated result and the experimental result is attributed to the simplified average phonon energy in Al x Ga 1Ϫx As alloy used in the calculation. Strong dependence of the scattering rate on the well width for the Sϩ and the confined mode suggests the importance of the well width on the hot carrier relaxation via polar optical phonon scattering. The DCM model in the electron-phonon interaction is more accurate than the bulk and bulklike phonon models.
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